Introduction
The number of patients that require joint replacement or internal-fixation devices is steadily increasing. For example, knee replacement has become a routine surgery; each year, it is performed on over 500,000 people in the US alone [1] and this value is increasing annually. [2] With an overall infection rate of, for example, about 5 % for orthopedic implants, [3] bacterial contamination is one of the most important complications. These implant infections occur frequently, either perioperatively, by bacterial contamination of the surgical site, of which mostly low-virulence organisms, including S. epidermidis, are responsible, or postoperatively, by hematogenous infections. [4] These latter infections are the result of the seeding of the implant site by organisms that are transported there in the bloodstream from another infected region. Bacteria on implants typically proliferate and cluster in multilayers of exopolysaccharides, known as biofilms; this structure allows bacteria to resist antimicrobial agents and immune responses. [5] An attractive concept for infection prevention is the coating of the surface of implant materials with bactericidal compounds. [6] One example is a coordination-polymer network based on silver, which has been synthesized and studied as a nanostructure coating and an effective antimicrobial agent. [7] In the past, various mechanisms for the bactericidal activity of silver have been described and, with the increasing bacterial resistance against antibiotics, silver chemistry has felt a revival in a medical context. Silver ions are known to react with electron-donor groups that contain nitrogen, oxygen, or sulfur atoms that are present in bacteria as, for example, amino, imidazole, phosphate, carboxy, or thiol functional groups in enzymes, proteins, or in DNA. [8] The widespread use of silver in medicinal chemistry, such as in burn wounds, where silver sulfadizine and silver-impregnated nylon cloths are used as antiseptics, has inevitably led to the isolation of "silver-resistant" bacteria. [9] However, the mechanisms that lead to silver resistance are still not well-understood. In the literature, there is still an ongoing discussion of whether there is a real resistance towards silver or whether the "resistant" bacteria are simply able to eliminate the silver species. Silver et al. reported plasmid pMG101, which was isolated from a silver-resistant strain of Salmonella. Up to now, the function of eight out of the nine genes that have been found to be responsible for the silver Abstract: Artificial implants and biomaterials lack the natural defense system of our body and, thus, have to be protected from bacterial adhesion and biofilm formation. In addition to the increasing number of implanted objects, the resistance of bacteria is also an important problem. Silver ions are well-known for their antimicrobial properties, yet not a lot is known about their mode of action. Silver is expected to interact on many levels, thus the development of silver resistance is very difficult. Nevertheless, some bacteria are able to resist silver, even at higher concentrations. One such defense mechanism of bacteria against heavymetal intoxication includes an efflux system. SilE, a periplasmic silver-binding protein that is involved in this defense mechanism, has been shown to possess numerous histidine functions, which strongly bind to silver atoms, as demonstrated by ourselves previously. Herein, we address the question of how histidine binds to silver ions as a function of pH value. This property is important because the local proton concentration in cells varies. Thus, we solved the crystal structures of histidine-silver complexes at different pH values and also investigated the influence of the amino-acid configuration. These results were completed by DFT calculations on the binding strength and packing effects and led to the development of a model for the mode of action of SilE. Keywords: bacteria · density functional calculations · histidine · silver · X-ray diffraction resistance of this plasmid has been determined. [9] These genes encode for a chemiosmotic efflux pump, an ATPase efflux pump, and two periplasmic silver-binding proteins, SilE and SilF. SilE is a 143-amino-acid-long protein and, of these, 10 histidine residues are proposed as the primary candidates for metal binding. [10, 11] The fact that this metal-binding protein is only synthesized during bacterial growth in the presence of Ag I ions makes SilE an interesting target for the understanding of silver resistance.
Recently, we demonstrated that certain amino-acid sequences within libraries of tri-and tetrapeptides showed preferential binding of silver ions and their subsequent reduction into silver nanoparticles, whereas other sequences did not bind silver ions at all. [12] A brief excursion into the scientific literature revealed that, in recent years, different computational methods have been applied for the calculation of the silver affinity of all twenty naturally occurring amino acids; [13] [14] [15] however, to the best of our knowledge, there has only been one comparable experimental study that was based on mass spectrometry. [16] Both computational and experimental data rate histidine as one of the preferential binding sites for silver ions. Depending on the nature of the amino acid, such binding can only occur through the two termini or through the side-chain. For histidine, this sidechain participation has been calculated to be stronger than the contribution of the termini. [13] However, solid-state structures and, hence, details of the binding situation of silver ions by amino acids are still scarce. [17] Regardless of the lack of structural information, the coordination of amino acids, peptides, or even proteins to silver ions has found application as analytical tool, for example, in mass specA C H T U N G T R E N N U N G trom-A C H T U N G T R E N N U N G etry [18] or for the determination of cysteine levels. [19] To contribute to the wider understanding of the binding mechanisms, we set out to investigate the binding modes of histidine towards silver ions; thus, herein, we report on the pH-dependent coordination of histidine towards silver ions. These results are completed by theoretical studies on the binding strength and packing effects in the three compounds studied herein.
Results and Discussion
With the aim of studying silverÀhistidine complexes at different pH values, we attempted to crystallize the reaction mixture of AgNO 3 and histidine at basic pH values, disappointingly without success. Literature reports have described an elegant route to silver À histidine complexes by reacting Ag 2 O with histidine (His). [17d,h] One compound has been proposed to be a water-soluble molecular complex of Ag/His (1:1), with EtOH present in the solid state, but its structure is hitherto unknown.
[17d]
Starting from histidine and AgNO 3 , Nomiya and co-workers did not report any interpretable result. However, from the reaction between Ag 2 O and histidine, a coordination polymer was obtained upon standing and slow crystallization for which the structure could be solved, thus revealing a lefthanded helical coordination polymer (A) for l-His
[17d] and its right-handed mirror image (B) for d-His
[17h] (Figure 1 ). In both cases, the histidine ligands connected the silver ions together by binding through the imidazole nitrogen atom on one hand, and the N atom of the NH 2 group on the other. Disappointingly, the positions of the protons are not clear from the X-ray structures, but the coordination mode of histidine towards the silver ions indicates that the amino acid is present it its zwitterionic state. The exact pH conditions during these reactions were also not described within that publication.
Given the amount of effort that has been invested in obtaining solid-state structures of amino-acid complexes, and with silver ions in particular, it is even more surprising that we were able to obtain single crystals from a mixture of histidine and AgNO 3 under different pH conditions. er map, which shows that both His ligands are present as zwitterions, in which the NH 2 groups are protonated whilst the acid functions are deprotonated. The preference of silver ions for the softer N atoms of the imidazole rings versus the negatively charged C terminus is clearly demonstrated. Indeed, the coordination of the negatively charged carboxylate group would bring the metal cation closer to the protonated amine function, which would be unfavorable, owing to charge repulsion. Besides the coordination of the amino-acid ligands, a nitrate anion binds to the silver cation through atom O2N, with a distance of 2.871(2) , thus indicating a weak bonding interaction. Additional p interactions between the two imidazole rings of the histidine molecules are present above and below the silver ion, owing to the arrangement of the complexes relative to each other ( Figure 3 ), which demonstrates the soft character of the metal ion. Indeed, these distances are approximately 3.1 and 3.2 from the metal ion to the mean ring planes of the imidazole moieties.
In the packing of compound 1, the nitrate anion connects one complex to two others through H bonds with the pro-A C H T U N G T R E N N U N G tonA C H T U N G T R E N N U N G ated N atoms of neighboring imidazole moieties. Thus, (nitrate oxygen) atoms O1N and O3N bind to the N6 atom of one molecule, whilst the O2N and O3N atoms are connected to the N3 atom of another neighboring complex (see the Supporting Information, Figure S1 ). Thus, two layers of [AgA C H T U N G T R E N N U N G (His) 2 ] moieties are connected in a head-to-head fashion through nitrate anions, by considering the imidazole rings as "head" parts of the molecules. On the other hand, the tails of the complexes are also linked to each other through Hbonding interactions between the ammonium and carA C H T U N G T R E N N U N G boxA C H T U N G T R E N N U N G yl-A C H T U N G T R E N N U N G ate groups and through H-bonding interactions between the carboxylate groups, which are mediated by water molecules. The so-formed layer structure is shown in the Supporting Information, Figure S2 , and the detailed H-bonding network is described in the Supporting Information, Table S2 .
The coordination mode of histidine towards silver ions in compound 1 is probably the same as that in biological media because the pK a value of the imidazole side-chain is 6.0, thus leading to an isoelectric point of 7.6, which is close to the physiological pH value. [20] However, the local presence of protons might lead to temporary protonation of the amino-acid side-chain. Indeed, pH-triggering could be one mechanism for controlling the binding and release of silver ions, as required by heavy-metal ion pumps or metal-binding peptides. In such cases, the protonation of certain binding sites that are available at neutral pH could become preferentially blocked by protons, thereby leading to a release of the bound metal ions. Therefore, we also addressed the question of whether silver-ion coordination by histidine was possible at low pH values and, if so, how the coordination mode and binding energies changed.
l-Histidine at acidic pH values: [({Ag(l-histidinium)-
Compound 2 is obtained from the reaction between AgNO 3 and l-histidine under acidic conditions (HNO 3 ) and crystallizes as colorless needles in the triclinic space group P1 (no. 1, see the Supporting Information, Table S1 ). The principal building unit of this coordination polymer is comprised of two silver atoms, two protonated lhistidinium moieties, four nitrate anions, and a water molecule ( Figure 4 ). Within this asymmetric unit, two silver ions, Ag1 and Ag2, are bridged by the two oxygen atoms (O1 and O2) of the carboxylate moiety of one histidine ligand and by one oxygen atom (O3) of a carboxylate unit of a second histidine ligand (Ag1 À O1 2.226(4) , Ag1 À O3 2.216(4) , Ag2 À O2 2.243(4) , Ag2 À O3 2.716(5) ). The second oxygen atom of this latter unit (O4) coordinates to a silver ion (Ag2') in the next asymmetric unit (Ag2' À O4 2.299(4) ); thus, this atom (Ag2') is less than 3 away from atom Ag1 (S(van der Waals Ag radii) 3.44 ), [21] such that a AgÀAg interaction can be considered. [22] The Ag2 and Ag2' ions are pairwise bridged by the O4N and O6N atoms of one nitrate anion (Ag1 À O1N 2.392(7) , Ag2 À O4N 2.510 (7) ). On the other hand, atom Ag1 carries another nitrate anion, with binding only through atom O1N. This nitrate anion is involved in H-bonding interactions to the protonated imidazole rings of a histidine ligand in the same 1D chain (see the Supporting Information, Figure S3 ), to the protonated ammonium function of a histidine ligand in a parallel strand, and to the intercalated water molecule (O1W). This water molecule forms further H bonds to the free oxygen atom of the nitrate anion that bridges the Ag2 ions (O5N) and acts as H-bond acceptor from protonated NH 2 groups of parallel chains. Two further nitrate anions are not connected to silver ions, but are intercalated between the imidazolium moieties of neighboring chains, thereby forming H bonds to the protonated N atoms (see the Supporting Information, Figure S4 and Table S3 ).
It is amazing to see that, in compound 2, each silver ion, in addition to being coordinated by a negatively charged carboxylate moiety of the histidinium group (pK a 1 = 1.82), [20] is connected to at least one nitrate anion, whilst the positively charged histidine parts are involved in H-bonding interactions. In compound 1, the silver ion clearly prefers the neutral parts of the ligand, whilst the nitrate ion is 0.4-0.7 further away than in compound 2. This difference led to further investigation of these compounds by using theoretical methods (see the Computational Studies section).
In parallel to the pure l-histidine compounds, we also investigated the coordination behavior of a racemic mixture of d-and l-histidine towards silver ions. 4 ] n (3): Compound 3 crystallizes under similar conditions as compound 2 in the form of colorless needles in the triclinic space group P1 (no. 2, see the Supporting Information, Table S1 ). There are two asymmetric units per unit cell, each of which is comprised of one silver atom, one histidinium ion, and two nitrate anions. Notably, because a racemic mixture of histidine was used for crystallization, it allowed the structure to be centrosymmetric.
dl-Histidine at acidic pH values:
Hence, each unit cell contains an l-histidinium moiety and its mirror image, a d-histidinium moiety, as ligands. The carboxylate groups of both histidine enantiomers face each other and act as bidentate O-donor ligands in linking two silver ions, Ag1 and Ag1', together ( Figure 5 ). The so-connected silver atoms have, with a distance of 2.814(1) , a short contact to each other, which is indicative of strong interactions between them. [21, 22] Whereas the O2 atom of the carboxylic group of each histidine ligand only binds to silver atom Ag1' (2.250(1) ), the O1 atom of the same group is connected to silver atom Ag1 of the dimer, through a short distance of 2.300(1) , and to atom Ag1' of the next dimer unit, with a longer distance of 2.456(1) (see the Supporting Information, Figure S5 ). Each such pair of silver atoms is further connected to the next pair through nitrate ions. That is, one nitrate ion acts as a bidentate ligand, connecting every second silver ion. There are two nitrate anions, one of which bridges from atom Ag1 to its translational equivalent, whilst the second connects atom Ag1' to its translational equivalent. Thus, each of the silver ions is coordinated by two oxygen atoms from two different carboxylate groups within the pair of Ag ions, one oxygen atom of a carboxylic group of the neighbor unit, and one O-atom of a nitrate ion. As for compound 2, it is surprising how the anions concentrate around the positive charge of the silver ions, rather than the ammonium group or the protonated imidazole rings. However, H-bonding interactions occur between the non-coordinating O atoms of the nitrate group and the ammonium moiety, as well as with the protonated imidazole rings, thereby connecting the moieties into a 3D network (see the Supporting Information, Figure S6 and Table S4 ).
In summary, the coordination mode of histidine towards silver is strongly influenced by the pH value of the medium, thereby changing from side-chain coordination under neutral conditions to coordination through the negatively charged C terminus under more-acidic conditions, where the imA C H T U N G T R E N N U N G id-A C H T U N G T R E N N U N G azole side-chain is protonated. This change is accompanied by an altering of the histidine/silver ratio from 2:1 under neutral conditions (1) to 1:1 under acidic conditions (2 and 3). In contrast, the configuration of the amino acid seems to be less important, because structures 2 and 3 are quite similar: Both coordinate to silver ions through the histidine C terminus at acidic pH values. This result is in agreement with the results of Nomiya and co-workers, [17d,h] who showed that the configuration of the amino acid influenced the he-
A C H T U N G T R E N N U N G licA C H T U N G T R E N N U N G ity of the obtained helices upon coordination of silver but not the coordination mode itself (Figure 1).
Computational studies: Given the different possible coordination modes of histidine towards silver ions, depending on the pH value, we wanted to obtain a better understanding of the binding situation in each of the described compounds (1-3). Thus, we investigated the environment of each silver atom for structural fragments of compounds 1-3 (see the Supporting Information, Table S5 ) and calculated the energy that was required to remove the metal ion from its binding site. The results are shown in Table 1 , relative to the stabilization energy of complex 1. The silverÀligand interactions are most favorable for this complex because the energy that is necessary to remove the silver ion from the complex is significantly larger than for the other complexes. For complexes 2 and 3, the stabilization energies lie in the same range and the histidine ligands are in a doubly protonatedand, thus, positively charged-state. This result leads to a high overall charge in the fragments of complexes 2 and 3, whereas complex 1 is neutral. To investigate the influence of this overall charge on the calculations, we designed a neutral system (see the Experimental Section), in which the histidine groups were singly protonated at the p position (for nomenclature, see Figure 1 ) and, thus, were neutral. Also, for the neutral system, the results (Table 1) suggest that complex 1 has the most-favorable silver À ligand interactions but the relative stabilization energies for complex 2 and 3, in comparison to compound 1, are significantly smaller than in the charged system.
One reason for the less-favorable stabilization of complexes 2 and 3 compared to complex 1 is the close proximity between the two Ag I ions in complexes 2 and 3. To characterize the amount of unfavorable interaction energy that is due to this close proximity, the energy that was required to form a Ag 2 2+ system with the same Ag À Ag distance as that observed in the crystal structures was calculated. This unfa-
A C H T U N G T R E N N U N G vorA C H T U N G T R E N N U N G able interaction contributes 103.6 kcal mol
À1 to the destabilization of complexes 2 and 3. To compare this interaction energy in a vacuum with that in the complex, the interaction energy of the Ag 2 2+ system within the complex was computed. A slight decrease in the unfavorable interaction energy was observed in the complex, with calculated interaction energies of 96.8 and 99.5 kcal mol À1 for complexes 2 and 3, which corresponds to a decrease in the unfavorable energy of the AgÀAg interaction by 6.8 and 4.1 kcal mol
À1
, respectively. Surprisingly, the neutral compound (1), which shows the softest coordination of the silver ion, with a coordination of four imidazole rings and one distant nitrate group, seems to be the strongest for this metal ion. The stability of this specific site is certainly improved by the side-on coordination of the neighboring imidazole rings, which contribute through metal À p interactions (Figure 3 ).
In the other cases (2 and 3), the nitrate anions and carboxylate groups act as negatively charged ligands and help to stabilize the cation and diminish the partial charge on the silver ions. The calculated partial charges for the three complexes are shown in Figure 6 .
In complexes 2 and 3, a slight increase in the partial charge on the silver ions is observed compared to complex 1. This increase is also the case for the silver-ion environment in compounds 2 and 3, which is more negatively charged than that in compound 1. The more-polar environment around the silver ion enhances the stability of the Ag 2 2+ system in these structures (2 and 3), and explains the slight decrease in the unfavorable interaction energy observed in the complexes compared to the vacuum. (Table 1) .
For further insight into the binding situation around the silver ions in complexes 1 to 3, the conformational-strain energy of the histidine residues in each crystal structure was calculated (Table 2) . Interestingly, for structures 2 and 3, the two histidine residues show similar internal strains, whereas, for structure 1, the calculated values for the two histidine residues are different. This inequality is caused by different ] of the silver ions in complexes 1-3.
[a]
Complex
Ag1 Ag2
281.6/6.1 281.6/6.1
[a] For compound 1, only one silver ion is present, whereas, for compounds 2 and 3, two different silver ions are present. For complexes 2 and 3, two relative binding energies are shown, which represent the values for the charged and neutral systems, respectively. ] of the two histidine residues in the complex for each crystal structure.
His1 His2
[{Ag(l-histidine) 2 
35.5 35.5 orientations in both the ammonium groups and the imA C
H T U N G T R E N N U N G id-A C H T U N G T R E N N U N G azole planes of the histidine groups.
With both experimental and theoretical data in hand, we propose a mechanism for the function of the periplasmic silver-binding protein, SilE. Because the outer membrane acts as a Donnan membrane, the pH value of the periplasmic space is known to depend on the pH value of the surrounding medium. [23] Thus, at physiological pH, silver ions can be bound by the neutral imidazole side-chains in a silver/histidine ratio of 2:1, similar to compound 1 (Scheme 1), thus confirming the hypothesis of Silver et al. [9] At neutral pH, the calculations show that the silver ions are well-bound, so that a directed transport to the chemiosmotic efflux pump can occur without the loss of silver. All other coordination modes of the carboxylate groups are shown to be weaker and, therefore, will not contribute significantly to the scavenging of silver ions within the cell. Upon local changes in the pH value to below 6, which correspond to the pK a of the histidine side-chain, the imidazole ring becomes protonated, thereby resulting in a loss of binding energy, as shown for compounds 2 and 3, and, hence, to the release of silver. From the related Cus system, it is known that the metal-binding protein CusF interacts with the proteins on the chemiosmotic efflux pump (CusCBA), [24] thus bringing the metal-binding protein into the proximity of the proton gradient from the outside to the inside of the cell. This movement would, in the case of SilE, lead to protonation of the imidazole side-chains that are near to the efflux pump (SilCBA) and, thus, the release of silver cations into the periplasmic space, from where they have to be transported to the outside of the cell. According to the switching mechanism, which is one of the two mechanisms that are currently under discussion in the literature for the related Cus À efflux complex, [25] this periplasmic efflux takes place when the metal-ion concentration close to the efflux pump is high enough, thereby leading to a conformational change in one of the subunits of the efflux pump (CusB) that allows the metal ions to enter the pump. Because the exact mechanism of this metal-ion detoxification is still controversial, our results might provide further insight into the complex process of metal-ion extrusion.
Conclusion
In conclusion, we have found that the bonding of silver ions by histidine ligands is stronger under neutral conditions than under acidic conditions. This result corresponds well with the neutral pH conditions in the human body. Thus, the silver-binding moiety of the ligand is solely the imidazole ring on the amino-acid side-chain. Yet, in the presence of acid, the silver atom is displaced from its coordination site, owing to protonation of the imidazole rings; this displacement is the case in both stereochemically pure and racemic mixtures of the amino acid. This dislocation might be responsible for the efflux-pump mechanism that is found in bacteria, which have been discussed as being resistant to silver. The bonding behavior of histidine towards silver ions Figure 6 . Calculated partial charges by using NBO analysis on fragments of crystals 1-3. Silver ions are labeled according to the naming used in the calculations. Scheme 1. Proposed mode of action of SilE in the transport of silver ions in bacterial cells: The silver ions are strongly bound at neutral pH, as shown for compound 1, but they are released close to an efflux pump at acidic pH values, thereby resulting in the loss of the secondary structure of SilE.
confirms our earlier observations when we studied the selectivity for silver binding of tri-and tetrapeptides. [12] Our studies have shown that the binding sites, binding geometry, and charge on the binding site may vary dramatically under the influence of pH value.
Experimental Section
General information: The starting materials were commercially available and were used without further purification. Doubly distilled water was used as the solvent.
1 H NMR spectra were recorded on a Bruker Advance DPX 360 MHz spectrometer and the residual solvent signal was used for calibration (D 2 O, d = 4.79 ppm). [26] MS was performed on a Bruker Esquire HTC mass spectrometer. FTIR measurements were performed on a Bruker FTIR Tensor 27 spectrophotometer. 
Silver nitrate (170 mg, 1 mmol) and l-histidine (155 mg, 1 mmol) were added into a test tube into which water (10 mL) was poured. Nitric acid (65 %) was added until a pH value of 3-4 was reached to obtain the protonated form of histidine. The clear solution was stored in the dark for 3 days. Slow evaporation of the water allowed crystals to grow after several days (365 mg, 0.46 mmol, 92 % yield). The uniformity of the product was confirmed by powder X-ray diffraction. 1 
Silver nitrate (170 mg, 1 mmol) and d/l-histidine (155 mg, 1 mmol) were added into a test tube into which water (10 mL) was poured. Nitric acid (65 %) was added until a pH value of 3-4 was reached to obtain the protonated form of histidine. The clear solution was stored in the dark for 3 days. Slow evaporation of the water allowed crystals to grow after several days (230 mg, 0.6 mmol 60 % yield). The uniformity of the product was confirmed by powder X-ray diffraction. Crystallographic data: [27] The crystallographic data were collected at 150 K on a Stoe IPDS 2T-Image Plate Diffraction System that was equipped with an Oxford Cryosystem open-flow cryostat [28] by using Mo Ka graphite-monochromated radiation. The structure was solved by using direct methods with the program SIR-2004. [29] Refinement and all further calculations were performed by using SHELXL-97. [30] The non-H atoms were refined anisotropically by using weighted full-matrix least-squares on F 2 . The hydrogen atoms were included at calculated positions and treated as riding atoms by using the default parameters in SHELXL. The Diamond program was used for graphical representation of the structures. [31] Crystal data for 1: C 24 Calculations: All calculations were performed with Gaussian 03, Revision D.02 [32] at the DFT level by using the Becke three-parameter hybrid exchange functional and the Lee, Yang, and Parr correlation functional (B3LYP). [33] A split basis set with an effective core potential (LANL2DZ) [34] was used for all silver ions and the all-electron basis set 6-31GA C H T U N G T R E N N U N G (d,p) [35] was employed for all other elements.
Complex stabilization of the silver ions: For each crystal structure, a fragment that consisted of multiple silverÀligand complexes was extracted for calculations, as described in the Supporting Information, Table S5 . The energy that was required to remove a silver ion from its binding site in the complex was calculated according to the Equation (1), where complexÀAg nÀ1 represents the full complex with one silver ion removed.
complexÀAg nÀ1 þAg I ! complexÀAg n ð1Þ
The energy was computed as the difference between the single-point energies of the product and the reactants, according to Equation (2).
EðcomplexÀAg n ÞÀEðcomplexÀAg nÀ1 ÞÀEðAg I Þ ð2Þ
For complexes 2 and 3, two non-equivalent silver ions were present; for these above calculations, either one or the other was removed, as indicated by Ag1 or Ag2 in Table 1 and Figure 6 .
Partial charges: For each structure, the partial charges on all atoms were calculated by performing a natural bond orbital (NBO) analysis. [36] Energy of AgÀAg interactions: The energies of the Ag1ÀAg2 interactions were calculated as the difference between the single-point energies (in a vacuum) of 2Ag I and Ag 2 2+ , where the AgÀAg distance was set to the distance that was observed in the crystal structure. To compare this interaction energy in a vacuum with the one in the complex, single-point energy calculations were performed in the complex and the interaction energy was computed according to Equation (3).
2Ag
I þcomplexð2Ag removedÞ ! complexðwholeÞ ð3Þ
Conformational strain: The conformational strain of the histidine residues in the complexes was calculated for each crystal structure. Each histidine residue was extracted from the complex and, starting from this structure, two different optimizations were performed: Firstly, only the hydrogen atoms (all bonds to hydrogen atoms) were optimized to obtain conformations that were comparable between the three structures. Secondly, a full energy minimization was performed to obtain the fully relaxed conformations. Then, the internal strain energy was computed as the difference between the energies of the two corresponding structures
